VV amongst us would boldly declare-most famous institution for scientific investigation. The Royal Observatory at Greenwich began life in 1675 with unequalled advantages: it shared the Royal Founder of the Royal Society; it had John Flamsteed for first 'observator and keeper' and he proved to be one of rhe greatest observational astronomers in history; it had Wren for architect; its first half-century was in the age of Newton and it had Newton for its first-appointed Visitor.
In order in a space of minutes to convey an impression of the operation of the Observatory and its significance in fundamental science, we may contem plate its part in the development of ideas regarding
The very first equipment Flamsteed had at Greenwich was a pair of splendid Tompion clocks presented by Sir Jonas Moore, F.R.S. These were pendulum clocks keeping what may be called gravitational time. The spinning Earth, producing the movement of the shadow on a sundial, keeps what may be called inertial time. In modern terms, these are essentially astronomers' Ephemeris Time and Universal Time. To Flamsteed's lasting credit, he appreciated that he must discover from observation whether these two times are the same, and this was his first important task. So far as he could tell, he did find them to be the same.
Isaac Newton is said to have conceived the notion of universal gravitation in the seclusion of Woolsthorpe Manor during the year 1665 of the Great Plague. This surely was one of the epochal happenings in the progress of human thought. But again it was something to be tested by observation, and only the observation of astronomical bodies would avail. In due course Newton worked out a resulting theory of the motion of the Moon in his postulated gravitational fields of the Earth and the Sun. It turned out that only Flamsteed's observations were accurate enough to check it. W e all know how there was trouble because of Flamsteed's disinclination to disclose them. But in due course they did lead to the establishment of Newton's law o f gravitation in !695-and of the Visitors of the Observatory in 1710. And let us remember that it was Edmond Halley who had prevailed upon Newton to publish his work and who then induced Flamsteed to reveal his observations; many years later, he succeeded Flamsteed as second Astronomer Royal.
The third Astronomer Royal was James Bradley, already famous as the discoverer of the phenomenon of aberration. He proceeded to discover the phenomenon of n u t a t i o n, the nodding of the Earth's axis of spin produced by that variation in the gravitational pull of the Moon which is due to the spheroidal shape of the Earth. This feat, demanding the highest quality o f observation, was rich in significance for Newton's theory. It verified Newton's prediction of the effect itself; it verified Newton's inference from his theory of gravitation regarding the figure of the Earth; it verified that the Earth rotates about its axis, and revolves about the Sun, relative to an inertial frame that could be taken accurately enough to have its origin fixed in the Sun (or better, the masscentre of the solar system) and to be non-rotating relative to the stars. This last was really the essential point of the ideas o f Copernicus, and as regards the orbital motion of the Earth, it had for the first time been verified by Bradley's discovery of aberration.
Newton's theory included the hypothesis that inertial mass is proportional to gravitational mass. It was a long time before this was accurately tested experimentally. But even accepting the hypothesis, Newton had at his disposal no means of evaluating the constant of proportionality, in effect what we call the gravitation constant. Newton's lunar theory gave him only the relative gravitational masses of Sun, Earth, Moon; he could weigh the Earth against the Moon, but not against the imperial pound. Nobody knew how many pounds the Earth weighed until the Observatory was nearly 100 years old. Then in 1774, the fifth Astronomer Royal, Nevil Maskelyne, weighed the Earth against the mountain Schiehallion in Scotland. By astronomical methods he measured the deflection of a plumb-line through less than one-hundredth of a degree produced by the mountain. His measurement gave him a value of the mean density of the Earth 4\times the density of water-the about 51-much the best estimate up to that time in spite o f its uncertainty.
An experiment like Maskelyne's is commonly described as a determination o f (big) 'G', the standard symbol for the gravitation constant. Another im portant quantity is (little) *g\ the gravitational acceleration position on the Earth. The determination of^ is equivalent to that o f the length o f a pendulum beating seconds at that position. If we know this length, then we ensure that at any epoch we can, so to say, re-construct a gravitational second of time. About 1818 the Royal Society sponsored the requisite experiments, which are now classical in the history o f physics. They were carried out at Greenwich by Captain Henry Kater, with the active interest o f John Pond, Maskelyne's successor as Astronomer Royal. The great George Airy came next, the one Astronomer Royal to be President of the Royal Society and the first to be President o f the Royal Astronomical Society. He too was interested in pendulum experiments and he too weighed the Earth-by measuring the change of period when a pendulum was carried down a coal-mine. His value was no better than Maskelyne's, but his method had wider applicability. Airy derived a density for the Earth o f about J times that of water-so the average o f the two Astronomers Royal concerned gave quite a good value! Airy's great undertaking in his early years at Greenwich was the reduction of all the planetary and lunar observations made there from 1750 to 1830. W hen the young J. C. Adams wanted to do calculations concerning a possible planet outside Uranus, Airy supplied him with his results in advance o f publica tion. Both Adams and U. Le Verrier leaned heavily upon these Greenwich observations in independently making similar predictions about a new planet. Actually in consequence o f Le Verrier's work, the planet Neptune was discovered in 1846. This theoretical prediction o f a heavenly body never before seen by man was hailed as the crowning achievement o f Newton's concepts.
Incidentally, an improved theory o f Neptune developed shortly afterwards by American computers turned out, in particular, to fit observations o f Uranus recorded by Flamsteed between 1690 and 1715, although William Herschel 'discovered' Uranus only in 1781. Flamsteed never knew that he had been the first to observe an unknown planet.
By a quirk o f history, the observations-those made at Greenwich among them-and the theory that produced this most spectacular success o f New tonian gravitation also revealed its first tiny imperfection. Even before the Neptune episode, Le Verrier had discovered the peculiar very minute effect in the motion o f the planet Mercury, now famous as the 'advance o f the perihelion'. Subsequently, Simon Newcomb in Washington, reducing amongst others the Greenwich planetary observations even more thoroughly than Le Verrier had done, published in 1882 almost precisely the modern value for the advance. O f the three classical so-called 'crucial' tests o f Einstein's theory o f general relativity, this was the only one for which the result was known before the prediction. It is well-known that Newton's theory does not account for the effect while Einstein's is in excellent agreement with the observational value.
Einstein published his theory of gravitation in 1916 in the midst of World War I. Eddington, who had been Chief Assistant at Greenwich 1906 Greenwich -1913 learned of it through the good offices of de Sitter and immediately saw its significance. The Astronomer Royal, Frank Dyson, appreciated the importance of testing it. Also he appreciated that the total solar eclipse of 1919 would afford a uniquely advantageous opportunity to test, in particular, its prediction o f the gravitational deflection of light-the most straightforward o f the 'crucial' tests. Dyson and Eddington arranged two eclipse expeditions that successfully carried out the required programmes. At a historic joint meeting of the Royal Society and the Royal Astronomical Society on 6 November 1919, they showed separately that their results were in good accord with the prediction of general relativity.
The first Astronomer Royal had reluctantly supplied the observations needed to show that Newton was right. The ninth Astronomer Royal had sent observers half-way round the world to make observations to show that Einstein was a little more right.
The latest and probably most reliable repetition o f the same test was organized by astronomers of the University of Texas for the eclipse of 1973. [1910] [1911] [1912] [1913] [1914] [1916] [1917] [1918] Photograph from a group taken at Greenwich about 1912, by courtesy of the Royal Greenwich Observatory A young astronomer B. F. Jones from the Royal Greenwich Observatory participated, and in 1974 the photographs were measured at Herstmonceux on the Observatory's version of the GALAXY machine, a device developed at the Royal Observatory of Edinburgh. By a happy turn o f history, this was deemed the most effective means o f reducing the observations. Although the results
have not yet been published, it has been reported that within the small observa tional uncertainty, they again confirmed Einstein's prediction. They served also as evidence against an alternative theory that had been attracting serious con sideration.
The third 'crucial' test o f general relativity by the gravitational red shift o f spectral lines was not truly crucial, was not practical at the time, and again it appeared to concern only minute effects. So the interest about 1919 was mainly in the theoretical concepts o f natural philosophy involved, rather than in any expected revolution in astronomy. But what had happened then was just a beginning. Even in 1917, Einstein and de Sitter had written the first papers on relativistic cosmology, and in 1922 and 1927 A. Friedman and G. Lemaitre wrote papers on the same basis that predicted the expansion o f the universeas indeed de Sitter had already done implicitly. Then in 1929 Hubble published the empirical evidence for the expansion. Astronomy was thus launched into the era in which general relativity ruled the universe-in the large.
In recent years it shows signs o f ruling it in the small as well. Robert Oppenheimer and his colleagues long ago predicted the existence o f a neutron star of mass comparable to that o f the Sun and radius no more than a few kilometres-like packing the Sun into Hyde Park. Pulsars and X-ray sources in the sky that have been discovered within the past decade are almost certainly such neutron stars in actuality. If so, they are the products of the gravitational collapse of stars of mass not greater than one or two solar masses. Could a more massive star collapse without breaking up, the outcome would be the yet more dramatic 'black hole'; as is well-known there has been much serious speculation about the possible cosmical significance of such objects. Gravitational collapse in one form or another assuredly plays an essential role in the release of energy by supernovae and, on a greater scale, by quasars. These are all cases in which gravitation is the dominant phenomenon and ones in which it has to be treated by general relativity theory. The relevant means of discovery are radio telescopes, X-ray telescopes in rockets and spacecraft, gravitational-wave detectors, and so on-all very different from the tools of the trade of the Royal Greenwich Observatory. But the Observatory still has to maintain the frame of reference for the spacetime in which these other observations are located. Also, as soon as any new object is discovered by any of these means, the inevitable consequence is to try then to discover and monitor some optical counterpart. To mention only one example, the Royal Greenwich Observatory has been active in identifying binary stars that include X-ray sources. One o f these known as Cygnus X -i, studied since 1971 by Paul Murdin, Louise Webster and Norman Walker of the Observatory, seems still to be the best candidate for recognition as the first known black hole, but I think the very difficult observations are still quite inconclusive. Incidentally, last week's Nature (July 10) contained five communications from a total of twenty-five astronomers all devoted to this one object; interest in it is unabated.
The Royal Observatory began before there was any recognized concept o f gravitation and it came to play key parts in establishing the only two successful theories o f gravitation there have ever been. Some other theory must, of course, some day supersede both Newton and Einstein, and so it will go on. At present there is little indication of the new general concepts that will be invoked. Several scientists, including Dirac, Dicke and Van Flandern do, however, suggest a need for a theory in which the gravitational constant should be time dependent. The main test for this would surely be in the orbital motions o f celestial bodies. I believe that members of the Nautical Almanac Office at the Royal Greenwich Observatory are at present carrying out a critical examination of any possible evidence. Thus, through all the changes of the era in which it now operates, the Royal Observatory remains the keeper of the Queen's gravity. If one may state it so, the lessons to be drawn would also be the same in all cases, and some o f them are these:
It has proved a good thing to have had a national observatory, for such advances as we have recalled this evening have clearly been in the forefront o f scientific progress.
Only a national institution could make the long series o f observations that were indispensable for some o f these advances, but obviously also a readiness to cooperate w ith individuals and institutions elsewhere has pro duced some o f the most important results.
Moving with the times is manifestly essential, and in the long viewin spite o f frequent contemporary criticism-the Observatory has shown itself highly adaptable and it has indeed led the way in numerous innova tions. Most o f the proper activity o f such an observatory can in fact be judged only in the long run. So I think we may have done well this evening to contemplate at least one facet o f its contributions over all o f its 300 years.
The w ork on pendulums that was mentioned is just one o f innumerable ways in which the w ork o f the observatory has led directly to geophysics, and to the happy union o f astronomy and geophysics in Britain. The present vigorous schools o f planetary science are some o f its offspring.
Finally, in order to ensure success, undoubtedly the prescription is to get founded by King Charles II in the time o f N ew ton w ith a working scientist o f the capability o f Flamsteed as founder-director.
I mentioned one famous joint meeting o f the Royal Society and the Royal Astronomical Society. O ur meeting tonight is again a joint celebration. Also I mentioned one or two happy turns o f history. Another is that the President o f the Royal Astronomical Society, on this great occasion o f the completion o f three centuries o f the Royal Greenwich Observatory, is the Director-designate for the start o f its fourth century-I am in a position to assure you that his nomination as President was settled when those concerned were unaware o f any prospect o f his association with the Observatory. His commission is understood to be emphatically to move with the times.
The present Director and the eleventh Astronomer Royal, D r Alan Hunter and Sir Richard W oolley are present. In their persons we may congratulate the Observatory upon its illustrious past and its vigorous present. In the person o f D r Graham Smith may it accept confident good wishes for its future.
